heart catheterisation (2).
However, right ventricular compliance is destined to change over time. At birth, pulmonary vascular resistance is high, while right ventricular compliance is low, changing gradually to a high compliance-low resistance circulation.
That explains why, left-to-right shunt increases gradually during the first months of life ( Figure 2) . Therefore, any condition modifying ventricular compliances may impact the degree and direction of the interatrial shunt. Reduction in left ventricular compliance or any condition with elevation of left ventricular filling pressures (e.g., hypertension, ischemic heart disease, cardiomyopathy, aortic and mitral valve disease) will increase the left-to-right shunt. In case of a large defect, systemic venous congestion can occur. Conversely, any condition reducing right ventricular compliance (e.g., pulmonic stenosis, pulmonary hypertension, right ventricular fibrosing process) or tricuspid valve disease may decrease the left-to-right shunt and eventually cause shunt reversal, resulting in cyanosis.
I n t e r e s t i n g l y, o l d h e m o d y n a m i c s t u d i e s h a v e demonstrated that the left-to-right shunt mostly occurs over an interval encompassing late ventricular systole and early diastole, when both venous systems, both atria, and both ventricles are in free communication (3) . The shunt also increases during atrial contraction. Respiration influences the shunt, as during periods with increased intrathoracic pressures, the left-to-right gradient increases and during periods with decreased intrathoracic pressures, there is a fall in the left-to-right gradient. Minute right-to-left shunting has been observed with the onset of ventricular contraction, and during early ventricular diastole (3), without any adverse clinical significance.
In normal conditions, high right ventricular compliance explains that atrial septal defects result more often in a left-to-right shunt through the defect. The left-to-right shunt is responsible for right ventricular volume overload and pulmonary overcirculation. Relevant ventricular volume overload is usually observed when the size of (6, 7) . Similar data were reported for all cardiac situations resulting in right ventricular volume overload; e.g., tricuspid regurgitation, pulmonary regurgitation (8) . Therefore, the interventricular interdependance gets impaired, and the left ventricle ultimately underfilled and less distensible (compressed by the dilated right ventricle) (9) , with a redirection of left atrial flow to the right atrium through the atrial septal defect, and eventually a reduction in cardiac output. Indeed, diminished left ventricular filling capacity has been suggested by the fact that left ventricular end-diastolic pressure is often comparable to or greater than that of normal subjects despite reduced left ventricular end-diastolic volume because of the atrial leftto-right shunt. This was clearly shown in 2 previous studies that demonstrated a leftward and upward shift of diastolic pressure-volume relationship for patients with an atrial septal defect, compared to controls (10, 11) . Nevertheless, the left ventricular diastolic pressure-volume relationship is influenced by several factors, including intrinsic diastolic stiffness, effects of external constraint, relaxation, and ongoing filling characteristics (12) . External constraint and ongoing filling characteristics get reduced or normalised after suppression of the interatrial shunt. Therefore, only the 2 other factors, left ventricular diastolic stiffness and left ventricular abnormal relaxation, may be responsible for acute and most often transient heart failure after the shunt closure (13) . In children, study of the left ventricular end-diastolic pressure-volume relationship showed that decrease in filling capacity was not attributed to increased left ventricular passive stiffness (14) . Aging is associated with left ventricular stiffness, which increases the risk of left heart failure when closing the defect (15) . Prolonged relaxation time has been observed both in children and adults with atrial septal defects, but only in patients with large left-to-right shunts (11) , highlighting the ventricular interdependence. Lower left ventricular performance has been reported, in case of right ventricular volume overload, due to reduced chamber preload (demonstrated by reduced left ventricular end-diastolic volume), reduced myofiber stretching and consequently reduced left ventricular stroke volume, according to the Starling's law (7) .
A longstanding haemodynamically significant shunt leads to chronic right-sided cavities volume overload, and then to myocardial injury, as demonstrated by higher highly sensitive cardiac troponin I values in patients with atrial septal defects compared to matched controls (16) . Right-sided cavities enlargement increases the myocardial oxygen demand, which results in relative hypoperfusion of the myocardium. Higher levels of angiotensine II and catecholamines, inducing necrosis and apoptosis of myocardial cells, may play a role in myocardial injury. The amino-terminal procollagen type III peptide is a circulating blood marker, reflecting collagen synthesis in the tissues. Its concentration is increased in patients with heart failure. Its level has been demonstrated to correlate with the pulmonary-to-systemic blood flow ratio in patients with hemodynamically significant atrial septal defects (17) . As a marker of myocardial remodeling, high levels of procollagen type III N-terminal peptide may be associated with an increase in myocardial stiffness and ultimately, with diastolic heart failure. Moreover, Poiseuille's law demonstrates that the chronic increase in flow through pulmonary arteries leads to chronic increase in pressure. A systematic histologic study of perioperative lung biopsies in adults with surgically atrial septal defect closure revealed a considerable proportion of hypertensive pulmonary vascular remodeling, with no correlation with pre-operative data, including hemodynamic data (18) .
Natural history
The availability of surgical closure of atrial septal defects since 1952 hampers the evaluation of its natural history in the modern era. Nevertheless, historical series have well demonstrated decreased life expectancy and expected longterm complications (Figure 3) , depending on the size and location of the defect, the intensity of the shunt and specific individual factors.
Life expectancy
Significant atrial septal defects are associated with increased morbidity and mortality, as demonstrated by old studies, highlighting the rising mortality with age. Campbell reported a low annualised mortality rate in the first two decades of life (0.6% and 0.7% per year, respectively), increasing to 4.5% per year in the fourth decade and 7.5% per year in the sixth decade, and related to pulmonary hypertension and congestive heart failure (19) . These dramatic data seem to exaggerate the poor outcome, as many unrepaired patients remain remarkably well and symptom-free through early adulthood. A subsequent study from Murphy et al., particularly studied long-term outcome of 123 adults with surgical repair of ostium secundum or sinus venosus atrial septal defects. When operated on before 25 years of age, survival was similar to that of a matched population. In contrast, those operated on later in life experienced higher mortality and morbidity. Independent predictors of longterm survival were age at operation and systolic pulmonary arterial pressure before surgery. Twenty seven late deaths were reported, with 18 from cardiovascular cause (13 cardiac and 5 stroke deaths) (20) . Doty et al. reported premature death due to progressive right ventricular dilation with diminished coronary reserve (21) .
Size of the defect
Previous studies have shown that two-dimensional echocardiographic dimensions of the atrial septal defect are well correlated with the actual anatomic size of the defect measured during surgery (22) .
The natural history of atrial septal defects varies according to the anatomic form. In ostium secundum defects, spontaneous closure is not uncommon. In a large retrospective series including 200 consecutive children, followed-up during 6 months, 34% of the defects closed spontaneously and 28% decreased to a diameter of 3 mm or less. Initial atrial septal defect diameter was the main predictor of spontaneous closure (23) . An Iranian study concluded later that atrial septal defects of less than 6 mm typically close spontaneously, and those between 6 and 9 mm may regress in infants and children. When over 1 cm, the probability of spontaneous closure becomes poor (24, 25) . Based on these similar observations, Radzik et al. suggest that infants born with an atrial septal defect of less than 3 mm do not require cardiac follow-up because spontaneous closure will occur in all, considering it may not constitute a cardiac malformation (26) . Conversely, for atrial septal defects larger than 8 mm, families should be informed of the possible need for interventional closure later in life, either percutaneously or surgically, therefore requiring a regular echocardiographic control . Several mechanisms have been advocated to explain spontaneous closure: downward growth of the septum secundum (27) , thrombotic plug formation (28) , septal aneurysm formation (29, 30) , fusion of valve like openings (31) .
For the ostium secundum defects that do not spontaneously close, the diameter can change overtime. One hundred four patients, mean aged 4.5 years, were examined in the Texas Children's Hospital, during a mean follow-up period of 3 years. At diagnosis, 33% of the defects were small (between at least 3 and 6 mm), 38% were moderate (between at least 6 and 12 mm), and 29% were large (12 mm and more). Among all, atrial septal defect diameters increased in 68 of 104 patients (65%), including 31 patients (30%) with an increase of at least 50%. Thirteen defects (12%) increased to more than 20 mm. The only independent factor related to growth was the initial size of the defect. Larger defects were more likely to larger growth. Neither the age at diagnosis nor the body surface area was related to the septal defect growth (32) . Considering ostium secundum atrial septal defects, the indication for closure of a hemodynamically significant shunt is based on the pulmonary-to-systemic blood flow ratio (Qp/Qs), when evidence of right-sided cavities overload (i.e., superior to 1.5) (33) . There is no cut-off value considering the size of the defect.
Clinical presentation
Patients with an isolated atrial septal defect commonly remain asymptomatic during childhood and adolescence (19) . Even those with a large left-to-right atrial shunt may not have overt symptoms until adulthood. Incidental diagnosis by an echocardiogram performed because of a heart murmur or an abnormal finding on a chest radiogram or an electrocardiogram (i.e., rSr' or rsR' QRS configuration in right precordial leads) is common (34) . Pregnancy may sometimes lead to the diagnosis in case of a well heard heart murmur.
Rarely, they may cause symptoms in infancy, as failure to thrive, tachypnea, recurrent respiratory infections, heart failure, and respiratory insufficiency necessitating artificial ventilation (35). Lammers et al., retrospectively reported the outcome of 24 infants younger than 1 year of age, who underwent a surgical closure of isolated atrial septal defects for symptomatic shunts. Most of them had either pulmonary hypertension from other reason (i.e., diaphragmatic hernia, chronic lung disease subsequent to prematurity), or noncardiac anomalies (i.e., dysmorphic syndromes), or both. The authors observed a significant improvement of clinical performance, growth, and development in nearly all patients after 46±33 months of follow-up, after surgical atrial shunt closure. All ventilator-dependent children could be weaned shortly after the defect closure (36) . Nevertheless, the question should be discussed as to whether surgery is of benefit in these children, and particularly, how pulmonary vascular resistances may evolve.
Formally, adult patients will become symptomatic from the third or fourth decade (19) . In the absence of any arrhythmias or pulmonary hypertension, the right-sided cavities overload and the pulmonary overcirculation can lead to subtle symptoms, including shortness of breath with exertion and the physical feeling of palpitations. By contrast, most adults with large shunts will experience fatigue, exercise intolerance, palpitations, syncope, and shortness of breath. Ultimately, they will suffer from rightsided heart failure, with peripheral edema, cyanosis in case of Eisenmenger syndrome, or even manifestations of thromboembolism with paradoxical emboli (37) .
Exercise capacity
Exercise capacity is a matter of concern when considering atrial septal defect closure, as one of the objectives of removing the shunt may be to improve functional abilities. A study from Rhodes et al. (38) included 9 consecutive pediatric patients with significantly hemodynamic interatrial shunts, without pulmonary hypertension, and referred for transcatheter closure. All underwent bicycle ergometric exercise test 0 to 2 months before the procedure and 1 to 7 months after. No significant difference was observed in parameters before and after the suppression of the shunt. Exercise capacity appeared to be well preserved and did not improve following transcatheter closure. As the individual's exercise function is determined by a complex interaction between circulatory, respiratory, and musculoskeletal systems (39) ; an improvement solely in a component of the circulatory system (e.g., by closing an atrial septal defect) may therefore have little effect upon exercise function unless ultimately accompanied by improvements in other systems as well, such as through exercise training or a rehabilitation program.
The prevalence of exercise intolerance increases insidiously with age. In a cohort of 17 adults with atrial septal defects compared to age-and gender-matched controls, a lower peak oxygen uptake was noticed, as well as a lower ventilatory efficiency (40) . Simultaneously, perceived health-status evaluated by the SF-36 questionnaire, was lower in patients than in controls. The best independent predictors of functional limitations appeared to be pulmonary hypertension and right ventricular volume overload in a multivariable model of adult patients from the Euro Heart Survey database (41) .
Pulmonary function was studied among 55 children undergoing atrial septal defect percutaneous closure: pulmonary function tests were impaired before the shunt closure, particularly for peak expiratory flow and in the peripheral airway. Improved pulmonary outcome was noticed after closure, and all the more so when no pulmonary hypertension preexisted (42) .
These observations would encourage closing atrial septal defects, to prevent alterations in exercise capacity and pulmonary function. Nonetheless, a study from Santos et al. revealed the persistence of an impaired exercise capacity in a subset of asymptomatic adult patients, with normal resting hemodynamic parameters, having previously undergone shunt closure (43) . Despite similar resting hemodynamic variables, patients with impaired peak oxygen uptake had a lower peak cardiac index due to abnormal stroke volume augmentation and an abnormal total pulmonary vascular resistance change during exercise, raising the hypothesis of a combination of abnormal pulmonary vascular response to exercise and impaired right ventricular function (43) .
Pulmonary hypertension
Pulmonary arterial hypertension may develop in response to a chronic volume overload of the pulmonary circulation, caused by a left-to-right shunt. According to the Poiseuille's law, volume overload will lead to an increase in right-sided cardiac output, and therefore, to an increase in pulmonary pressures. Chronic volume overload of the pulmonary circulation is also thought to cause irreversible changes of the medium-sized and small arteries (18, 44) , leading to pulmonary vascular remodeling. It is an important complication in patients with hemodynamically relevant atrial septal defects as it negatively affects outcome. Its prevalence in this population has been estimated around 10% (45) .
Different clinical pulmonary arterial hypertension scenarios can be encountered, despite similar volume overload patterns. At one end of the spectrum, there are adults with no or only mild pulmonary vascular disease and a large shunt. These are patients who can safely undergo shunt closure. At the other end of the spectrum, there are adults with severe, irreversible pulmonary vascular disease, shunt reversal and chronic cyanosis, that is, Eisenmenger syndrome (46) . In some patients, the progression rate is much faster (47) . This suggests a multifactorial cause of pulmonary vascular disease, with a likely role for genetic factors, as in idiopathic pulmonary arterial hypertension, still largely underknown so far. Contributing factors such as Down syndrome, upper airway obstruction, pulmonary emboli or in-situ pulmonary artery thrombosis, and drug use such as anorexigenic agents should be carefully explored, especially in patients with fairly small defects.
Subsequently, pulmonary hypertension is uncommon in children with an isolated atrial septal defect, except for those living in high altitude (48) . In adults, the prevalence of patients with pulmonary hypertension has been estimated to 34%, among all patients with open atrial septal defects, including those with Eisenmenger syndrome, from the database of the Euro Heart Survey (49). Median age was 15 years higher in patients with pulmonary hypertension compared to those without, and in multivariate analysis, the probability of pulmonary hypertension significantly increased with a factor of 1.041 for each extra year of age. Along with the longstanding volume overload, it cannot be excluded that the increase in prevalence with age is related to the process of aging in itself. A larger size of the defect has also been shown to be related to higher levels of pulmonary pressure (50) .
The presence of pulmonary hypertension was strongly associated with clinical symptoms, with reduction in exercise capacity: a strong correlation was demonstrated between the level of pulmonary hypertension and NYHA functional class. As a consequence, the probability of right ventricular dysfunction increased with the level of pulmonary pressures (49) , although clinical signs of right heart failure are rather uncommon (51) . A retrospective echocardiographic study of 92 adults with atrial septal defects revealed that, in multivariable logistic regression, systolic pulmonary arterial pressure was the variable that most often predicted right ventricular systolic dysfunction as evidenced by TAPSE of less than 17 mm and right ventricular fractional shortening area of less than 35%. The high Qp/Qs (reflecting fluid overload) and right-sided tissue Doppler S <9.5 cm/s (strongly dependent on age and therefore, on the time course of the disease) most accurately predicted a Tei index >0.55 (50) . Due to the correlation between pulmonary vascular changes and pulmonary hemodynamics, cardiac catheterization is useful for diagnosis, adding further information to echocardiography in the decision-making process (46) , before its therapeutic role. A specific chapter is dedicated to the hemodynamic assessment of unoperated atrial septal defects.
Ultimately, Eisenmenger syndrome occurs, with rightto-left atrial-level shunting, accounting for 5% to 10% of all causes of pulmonary arterial hypertension. Total pulmonary vascular resistance and arterial oxygen saturation therefore influence the outcome (52) . Eisenmenger syndrome is a contra-indication for shunt closure, as it would contribute to a high risk of acute right ventricular failure and the prognosis of patients with a persistent shunt is better than that of patients without any shunt (33) . As the interatrial right-to-left shunt only relieves diastolic right ventricular pressure, patients with pre-tricuspid shunts have a worst prognosis than patients with Eisenmenger syndrome and post-tricuspid shunt (e.g., ventricular septal defect or patent ductus arteriosus). Few case reports have reported favorable outcome of adults with ostium secundum or sinus venosus atrial septal defects and severe pulmonary hypertension, with a beneficial role of vasodilator therapy until stabilization or even reversal of the shunt (53, 54) .
Right-sided heart failure
The occurrence of right heart failure in patients with unclosed atrial septal defects appears to be independent from the presence of pulmonary hypertension, due to right-sided cavities chronic volume overload. Nevertheless, pulmonary hypertension appears to be an aggravating factor.
Pulmonary overcirculation may also increase the risk of pneumonia. There is no data about its incidence. Usually, this complication occurs from the fourth or fifth decade.
Palpitations/arrhythmias
Up to 33.8% of adults with unrepaired atrial septal defects complain of palpitations (55) , which can often be attributed to sinus tachycardia, reversible with the suppression of the shunt. Overall, the rhythm is most often sinus among patients with open atrial septal defects. New-onset electrocardiographic anomalies can help diagnosing atrial septal defects. An rSr' or rsR' QRS configuration is typically seen on the ECG in right precordial leads, likely reflecting right ventricular overload (56) . In a retrospective pediatric study including 141 children with atrial septal defects, the development of an rSR' pattern had an incremental value in predicting the need for surgical or device intervention for closure in both moderate and large shunt groups (57) . A complete right bundle-branch block pattern is not infrequent with increasing age (34) . In inferior leads, a notch near the apex of the R wave, coined "crochetage", has been correlated with atrial septal defect. Its incidence was higher in patients with larger defects and greater leftto-right shunting (58) . Some authors suggest that the coexistence of right bundle branch block and isolated negative T wave in the precordial leads is well correlated with hemodynamically significant atrial shunts (59) .
Major arrhythmias are uncommon in children with atrial septal defects. In a study from Berger et al., 211 adults were examined from an arrhythmic point of view, before and after atrial shunt closure: before surgery, only 1% of patients younger than 40 years old experienced atrial flutter, against 15% between 40 and 60 years old. No difference was noticed according to the anatomic location of the defect (60) . Atrial tachyarrhythmia or bradyarrhythmia in older patients is the byproduct of longstanding right atrial dilation and stretch, which may be sustained by tricuspid regurgitation, pulmonary arterial hypertension, right ventricular failure. A recent study from Labombarda et al. confirmed the hypothesis, among adults with various congenital heart defects, that intra-atrial reentrant tachycardia remains the most common presenting atrial arrhythmia, whatever the complexity of the congenital heart disease, with a predominantly paroxysmal pattern. Atrial fibrillation increases in prevalence and atrial arrhythmias progressively become permanent as the population ages (61) .
Atrial arrhythmias may also be associated by a higher incidence of stroke and paradoxical emboli (62) .
Several mutations in NKX2.5 gene have been reported, linked to atrial septal defect and atrioventricular block, and are not uncommon (63) .
Conclusions
Atrial septal defects allow communication between the systemic and the pulmonary circulations. The nature of the shunt, including direction and magnitude of blood flow, depends on both the size of the defect and the relative atrial pressures, which relate to the compliances of the left and right ventricles. Any hemodynamic condition modifying the ventricular compliances or intracardiac pressures will impact the interatrial shunt. A longstanding significant interatrial shunt will lead to a chronic right-sided cavities overload, and therefore will impact survival and morbidity. The natural history of atrial septal defects, although less a matter of interest since the development of surgical and percutaneous closure, remains relevant. Significant interatrial shunting may decrease exercise capacity, favor atrial arrhythmias, contribute to the development of heart failure and pulmonary hypertension, and ultimately impact survival.
